Introduction
Growth of trees and all plants depends up (Chapin et aL, 1987; Osmond et al., 1987) . Light, carbon, water and nitrogen are fundamental factors most likely to limit growth. On a world-wide basis, water availability is probably the major factor limiting plant growth (Schulze et al., 1987) . However, in many temperate and tropical forests, nitrogen availability is the most critical limiting factor (Agren, 1985a (Champigny, 1985; Huber, 1986; Geiger, 1987) (Pate, 1983) . No such detailed quantitative information on carbon and nitrogen allocation is available for any tree species. However, there is considerable descriptive information for carbon allocation in Populus (Isebrands and Nelson, 1983;  Dickson, 1986; Bonicel et al., 1987) , and for carbon and nitrogen allocation in fruit trees (Titus and Kang, 1982; Tromp, 1983; Kato, 1986 (Schulze, 1982 (Dickson and Nelson, 1982; Smith and P; aul, 1988 (Schulze, 1982 (Pearcy et al., 1987) . However, only a small portion of total leaf mass is renewed each year. Carbon fixation continues in older leaves and overall carbon gain may be similar to rapidly growing deciduous trees (Matyssek, 1986) . (Dickson and Shive, 1982 (Ho and Shaw, 1977 (Vogelmann et al., 1982) . For (Fisher et aL, 1983) . Branch sink strength decreases as more foliage leaves are produced. In cottonwood, sylleptic branches become photosynthetically independent of the main plant after 10-15 5 mature leaves have developed (Dickson, 1986 (Rangnekar et aL, 1969; Dickson, 1986 (Gordon and Larson, 1968; Schier, 1970; Webb, 1977; Smith and Paul, 1988 (Dickson, 1987) . In addition, the seasonal variation in concentration and location of various storage compounds has been examined in many tree species (Kramer and Kozlowski, 1979; Glerum, 1980; McLaughlin et aL, 1980; Nelson and Dickson, 1981; Bonicel et al., 1987 (Sleigh et al., 1984) . Late seasonal defoliation or repeated defoliation of deciduous trees may deplete reserves and lead to branch die-back or death of the whole tree (Heichel and Turner, 1984 (Wargo, 1979 (Agren, 1985b; Ingestad and Lund, 1986; Ingestad and Agren, 1988 (Carlyle, 1986 (Eissenstat and Caldwell, 1988 (Carlyle, 1986) . This occurs when the substrate C:N ratio decreases to that of the microbial biomass; thus the C:N ratio at which mineralization begins can be associated with site and other factors (Berg and Ekbohm, 1983 (Vogt et al., 1982) . However, in controlled experimental systems when nitrogen addition rates were held constant, mycorrhizae did not increase nitrogen uptake even at low levels of addition and decreased relative growth rate of pine seedlings, indicating a carbon drain ).
The ammonium ion (NH+) is the first ion released in mineralization, while nitrate (NOg) production (nitrification) is inhibited in many forest ecosystems (Keeney, 1980; Vitousek and Matson, 1985) . Although, under certain conditions, considerable nitrification can take place (Vitousek et aG, 1982; Nadelhoffer et al., 1983; Smirnoff and Stewart, 1985) . Because of the limited production of NO and the intense competition for inorganic nitrogen, NH 4 is the most common nitrogen form available to higher plants in some forest ecosystems. In undisturbed forests, the NH 4 /NO 3 ratio is approximately 10:1 (Carlyle, 1986 (Runge, 1983) . However, passive diffusional uptake may also occur (Lee and Stewart, 1978 (Lee and Stewart, 1978; Pate, 1983; Runge, 1983; Kato, 1986 (Smirnoff and Stewart, 1985; Andrews, 1986; Keltjens et al., 1986; Rufty and Volk, 1986; MacKown, 1987) , in fruit trees (Titus and Kang, 1982; Kato, 1986) , and in forest trees (Blacquiere and Troelstra, 1986; Wingsle et al., 1987; Margolis et al., 1988 (Schulze, 1982; Chapin and Tryon, 1983 (Runge, 1983; Kato, 1986; Salsac et al., 1987) . However, there is much contradictory literature concerning growth and nitrogen source, even on the same species (Titus and Kang, 1982; Kato, 1986 (Runge, 1983) . In contrast, high levels of NH 4 can decrease soil pH and cation uptake, increase loss of cations from root tissue and lead to cation (e.g., K, Mg, Ca) deficiencies (Boxman and Roelofs, 1988) . Plants have many strategies for balancing internal pH (Raven, 1985) . The most common is the production of organic acids. In this reaction, dark-fixation of C0 2 generates H + , consumes OH-and produces organic acids. These acids can be precipitated (oxalic), stored in vacuoles or transported back to the root along with K+ in the phloem (Bown, 1985; Raven, 1985; Allen and Raven, 1987) . The ability of a particular plant species to reduce nitrate in either roots or shoots, to produce organic acids, to transport cations to balance internal pH and to adjust osmotically to water stress largely determines the ability to assimilate different nitrogen sources (Arnozis and Findenegg, 1986; Salsac et al., 1987) .
Organic nitrogen transport
Inorganic nitrogen taken up by roots is rapidly converted into organic nitrogen compounds for translocation within the plant. Sugars, organic acids and amino acids are translocated from shoots to roots in the phloem, converted into organic nitrogen compounds and retranslocated back to shoots in the xylem (Dickson, 1979; Pate, 19130; . The amount and kind of organic nitrogen compounds translocated in xylem differ with plant species (Barnes, 1963; Pate, 1980) , plant developmental stage, season of the year (Sauter, 1981; Tromp and Ovaa, 1985; Kato, 1986) , the amount or kind of inorganic nitrogen available to roots (Weissman, 1964; Peoples et al., 1986) and perhaps other environmental factors. The two amides, asparagine and glutamine, are major transport compounds in trees and many other plants and move readily in both xylem and phloem (Bollard, 1958; Pate, 1980; Dickson et al., 1985; Schubert 1986 ). In addition to glutamine and asparagine, many other amino acids and ureides are transported in xylem (Barnes, 1963; Titus and Kang, 1982; Kato, 1986) . Although 5-15 amino acids are commonly found in xylem sap (Dickson, 1979) , as many as 25 amino acids and ninhydrinpositive compounds have been found (Sauter, 1981; Kato, 1986) . In spite of the large number of amino compounds found in xylem, only the amides, asparagine and glutamine; the amino acids, glutamate, aspartate, arginine and proline; and the ureides, allantoin, allantoic acid and citrulline, are common and major transport compounds (Barnes, 1963; Pate, 1980; Kato, 1986; Schubert, 1986 (Pate, 1980 (Dickson, 1987) . These cycles have been studied mainly in fruit trees and have been recently reviewed (Glerum, 1980; Stassen et al., 1981; Titus and Kang, 1982; Tromp, 1983; Kato, 1986 (Millard, 1988 (Tromp, 1983) . In apple trees, in late November when protein accumulation in bark peaked, Kang and Titus (1980) (Kato, 1986) .
The major soluble nitrogen storage compounds are arginine, proline, asparagine and glutamine. The particular nitrogen compounds accumulated are quite species specific, and different species may be grouped according to the major free amino acid present during storage (Sagisaka and Araki, 1983 ). Arginine, proline or a combination of these two amino acids are the major soluble nitrogen storage compounds in most trees (Titus and Kang, 1982; Kato 1986 ). Although arginine is a major storage amino acid, it is usually converted into asparagine or glutamine for transport from storage tissue to new developing tissue (Tromp and Ovaa, 1979) . These transformations from storage to transport compounds were inferred from changes in the concentrations of the individual amino acids. However, little is known about the specific metabolic reactions involved (Sieciechowicz et al., 1988) . Proline is the major soluble amino acid in dormant citrus (Kato, 1986) . However, because proline is not a carbon efficient storage compound (C:N, 5:1), it must have some important metabolic function in dormant and stressed plants (Hanson and Hitz, 1982) .
The presence of storage proteins in tree tissue has been recognized for a long time. However, until the recent development of better extraction techniques, few detailed studies were conducted. Studies on Salix (Sauter and Wellenkamp, 1988) have shown that storage proteins are located in vacuoles of ray cells, and gel electrophoretic studies of these Salix proteins and others from ginkgo bark (Shim and Titus, 1985) have begun to characterize these storage proteins. These proteins are rich in arginine and other basic amino acids (Kang and Titus, 1980) , accumulate in the fall, disappear in the spring and are glycoproteins similar to those found in soybean (Franceschi et al., 1983 (Chapin and Kedrowski, 1983; Cote and Dawson, 1986; Tyrrell and Boerner, 1987) . Nitrogen accumulation continues late into the fall in the main stem and roots as soluble nitrogen moves from twigs to main stem, and newly absorbed inorganic nitrogen is converted into organic nitrogen and stored in roots (Tromp, 1983; Kato, 1986 Kato (1986) found that nitrogen in the new flush came from mature leaves (20%), stem (40%), roots (30%) and the soil (10%). Similarly, Nambiar and Fife (1987) 
